Abstract: Sodium hydrosulfide (NaSH), which is utilized for recovering rare metals, was synthesized in a laboratory-scale batch reactor by absorbing a simulated flue gas containing H 2 S into NaOH solution. The effects of H 2 S flow rate, NaOH concentration, and reaction time on the synthesis of NaSH were examined. With an increase in the H 2 S flow rate, the absorption ratio, conversion ratio, and total NaSH productivity showed a decreasing tendency. On the other hand, a higher concentration of NaSH could be synthesized with a higher concentration of NaOH. Most of the Na 2 S (the intermediate product) were produced at a pH > 12, and the NaSH synthesis reaction was feasible at a pH 11.5. Contrary to the increased H 2 S flow rate, increased NaOH concentration resulted in an enhanced Na 2 S=NaSH ratio. With a maximum equivalent ratio of NaOH=H 2 S at 0.88, the chemical composition of the product could maintain equilibrium with the highest NaSH concentration and less than 1% weight-to-weight ratio (w/w) Na 2 S concentration.
Introduction
Rapid industrialization in the last few decades has not just led to the depletion of precious natural resources but also generation of huge quantities of waste, which has aggravated the environmental problems. Thus, rational and sustainable utilization of natural resources is vital for sustainable socioeconomic development. In this perspective, waste as a secondary resource has become a new paradigm for the new generation of industrial development (Park and Chertow 2011) .
Nonferrous smelting industries and exhausted mines generate huge amounts of heavy metal-laden wastewater. Due to the inherent environmental impact, proper regulation is required for the disposal of this kind of wastewater. Nevertheless, this type of wastewater can also be used as a secondary resource in various industrial sectors, and the treated wastewater can be reused for the original intended purpose. Separation of heavy metal by sulfide reaction is one among the heavy metal removal methods that reduce the detention time in the reactor. Besides, it is effective in a wide range of pH levels due to the high reaction rate and extremely low solubility of heavy metals in sulfurous compounds (Kim et al. 1991 ).
The sulfurous compounds that are generally used for heavy metal removal include hydrogen sulfide (H 2 S), sodium hydrosulfide (NaSH), and sodium sulfide (Na 2 S). These are very useful chemicals that are utilized in the pulp and paper industry, the leather industry, and the dye industry for various purposes (Shreve and Austin 1984) for the removal of NO x and SO 2 (Gao et al. 2009; Mok 2005) and as a reducing agent in nonferrous smelting processes.
Traditionally Na 2 S is produced by the reduction of sodium sulfate (Na 2 SO 4 ) in a furnace in the presence of powdered coal. Na 2 S can also be obtained as a by-product during the manufacture of barium carbonate (BaCO 3 ) from the barite ore, BaSO 4 (Kent 2007) . H 2 S generated from various processes in refineries and iron foundries can be scrubbed with a NaOH solution to produce NaSH [Eqs. (1) and (2)]. Both Na 2 S and NaSH can be produced in the reaction but their presence in the reaction product is influenced by the pH of the reaction system. Initially H 2 S reacts with NaOH producing Na 2 S at pH > 12. However, when the pH subsides with reaction moisture and reaches around 11.5, NaSH is formed (Shahrak et al. 2015; USCSB 2004) 
Thus, for the synthesis of NaSH as a predominant sulfide species, the pH of the spent caustic solution should be controlled (Mamorosh et al. 2008) . NaSH is an effective chemical to remove metals from wastewater treatment systems by producing insoluble metal hydroxides, sulfides or sulfates, and carbonates. The efficiency of heavy metal removal by NaSH is higher than that of Na 2 S (PPG Chlor-Alkali & Derivatives 2011). Therefore, an optimal condition for synthesis of NaSH warrants investigation.
Prolonged exposure to H 2 S gas has shown to cause smell and visual disturbance and neurological disorders (Skrtic 2006) . H 2 S is corrosive to pipelines and equipment found in the process industries. For these reasons, many studies have been conducted toward efficient removal of H 2 S from the exhaust gases. Various commercial processes, viz, Seaboard, Girbotol, and Thylox processes have been reviewed for the removal of H 2 S gas (Reed and Updegraff 1950) . Mamrosh et al. (2008) studied the correlation among the second dissociation constant (pK a2 ) of H 2 S, NaOH solution used as H 2 S absorbent and the composition of the final product. A study on the selective removal of H 2 S from geothermal steam containing H 2 S and CO 2 predicted that desorption of CO 2 could improve the efficiency of H 2 S removal (Bontozoglou and Karabelas 1993) . However, H 2 S can be recovered in the form of molten sulfur (through sulfur recovery units) by its reaction with oxygen at high temperature, which is the so-called Claus process (Sassi and Gupta 2008) . Conversion of H 2 S to NaSH is a value addition because a ton of NaSH [30% weight-to-weight ratio (w/w)] containing approximately 15% sulfur (w/w) costs approximately US$600-700 (SX Chemical 2015) . In addition, the formation of NaSH removes the H 2 S while it also produces molten sulfur following the Claus process as a by-product [Eqs. (3) and (4)]
The economic value of molten sulfur is currently going down because 90% of the molten sulfur is produced by desulfurization of oil. It is expected that by the year 2017, 11% excess molten sulfur will be produced (Heffer and Prud'homme 2013) . Industries are removing H 2 S from their production systems not just because of its economic value but because of the strong environmental regulations set up by protection agencies to control SO x emissions to the atmosphere. Nevertheless, because most of industries are engaged in removing sulfur compounds from their processes, it is also acting as a catalyst for reducing the price of molten sulfur based on supply and demand. Therefore, conversion of H 2 S to NaSH appears promising owing to its economic value and industrial application.
NaSH finds its application in many industrial processes, including but not limited to leather tanning (hair removal from hides); pulp and paper (Kraft process); fabric dying (textile industry); developing photographic films; food, wine, and beverage processing; mineral extraction; metal recovery; and at water and wastewater treatment plants. NaSH can be used both in solution and solid or powder form. It acts as a reducing agent and is very effective in precipitating metals from hazardous wastes of vitrification fly ash (Izumikawa 1996) . The NaSH market is growing in regions where the textile industry is expanding, particularly in China and India.
NaSH in the wastewater treatment process is used as a sulfide precipitator to remove mercury, chromium, copper, lead, nickel, zinc, and arsenic along with many chlorinated hydrocarbons (Wang et al. 2009 ). It helps in metal removal over a wide range of water pH following the reaction shown in Eq. (5) (Fu and Wang 2011) 
Some other examples of sulfide containing compounds having potential to precipitate metals are Na 2 S and H 2 S. The reaction can be configured in a number of reactor arrangements, including but not limited to packed bed, up-flow anaerobic sludge blanket, and immersed and extractive membrane systems as reported elsewhere (Geysen et al. 2004; Papirio et al. 2013) . Prevention of the mobility of trace metals in water by removing oxidants can also be achieved by adding NaSH in underground aquifer water streams [M. S. Pearce, "Process for removing oxidants from water injected into a subsurface aquifer to prevent mobilization of trace metals," U.S. Patent No. 8,574,441 B2 (2013)].
The objective of this study is to investigate the effect of two experimental variables viz. the H 2 S flow rate and NaOH concentration, which may affect the gas-liquid phase mass-transfer coefficient during absorption of H 2 S onto NaOH solution and subsequent synthesis of NaSH. The effect of pH and temperature were examined in order to use them as indicators for the determination of the reaction end point during industrial operation. Besides, the synthesized crystal was analyzed by scanning electron microscopy (SEM), energy dispersive X-ray (EDX), and X-ray diffraction (XRD) to examine the product characteristics and the optimum synthesis condition.
Materials and Methods

Materials
To carry out the experiments, H 2 S gas (99.9% w/w) (Core Special Gas, Ulsan, Korea) and NaOH (32% w/w) (Daejung Chemicals and Metals, Gyeonggi, Korea) stock solution was used. The sample NaOH solutions for different tests were prepared by spiking the stock solution with ultrapure water to achieve the desired concentration levels. HCl (0.5N) solution was used for titration and 99% BaCl 2 (w/w) was used for the precipitation of carbonate in the product. Bromophenol blue and thymolphthalein were used as indicators. All chemicals were of analytical grade and were used without further purification.
Experimental Setup
The experimental setup ( Fig. 1 ) consisted of a batch reactor made up of glass with an inner diameter of 34 mm and a height of 200 mm. A mass flow controller (MFC) (Model No. 5850E, Brooks, Hatfield, Pennsylvania) was installed to maintain a constant H 2 S flow rate to the reactor. The H 2 S gas bomb and MFC were connected through a stainless steel tube for safety. The MFC and reactor were connected with a Teflon tube (Kim et al. 2005) . The reactor was designed in such a way that each probe connected with the computer could enter the reactor for continuous monitoring of pH and temperature. Two Erlenmeyer flasks containing 100 mL of 32% NaOH (w/w) solution were provided to recover unreacted H 2 S released from the reactor.
Experimental Procedure
The NaOH solution (26.67% w/w) charged into the reactor reacted with H 2 S gas at a flow rate of 0.95, 1.19, 1.59, and 2.37 L=min at room temperature (16 AE 2°C) and constant pressure of 0.5 × 10 5 Pa for a period of 20 min. The flow rate of H 2 S was decided based on the limitation of its absorption into NaOH and the conversion rate to the extent that does not significantly change through the experiment. The concentration of NaOH was chosen based on the highest standard of NaSH used in the industry, i.e., 30%. Pure H 2 S gas (99.9%) was used. So, the amount of H 2 S absorbed will result in the conversion of the product. Experiments were designed to use flue gas from industries where CO 2 and H 2 S are separated by an amine absorption process and then the refined flue gas containing H 2 S (∼99%) was allowed to react with NaOH to produce predominantly NaSH.
Absorption ratio (R A ) was calculated based on the additional weight gained by the system, which was done by measuring the total weight (sum of the weight of NaOH solution, H 2 S absorbed, and the reactor) of the system before and after the reaction. The conversion ratio (R c ) was calculated by using the amount and concentration of NaSH synthesized. The effect of NaOH concentration on R A and R c was also investigated. Different concentrations of NaOH solution (21, 26.67, and 32% w/w), as absorbent, were used in this experiment. Besides, the change in composition, pH and temperature of the product solution were analyzed as a function of reaction time (5, 10, 11.25, 12.5, 15, 17.5, 20, 21.3, 22 .5, and 23.5 min)
where Q a and Q i = amount of H 2 S (g) absorbed and injected, respectively
where C NaSH = concentration of NaSH (% by weight); Q a:s = amount of NaOH (g); and M H2S and M NaOH are the molecular weights of H 2 S and NaOH, respectively Total productivity;
Analytical Method
The analytical method (TDC 2011) includes a titration procedure for determining the total titratable alkali (carbonateþ hydrosulfide þ sulfide) with HCl, which is followed by precipitating the carbonates as BaCO 3 using barium chloride (BaCl 2 ) solution; and finally using a double breakpoint HCl titration for determining the amounts of Na 2 S and NaSH in the supernatant above the carbonate precipitate. First, 5 mL of NaSH sample was taken in a clean volumetric flask and diluted to 100 mL with distilled water. Ten mL of this diluted sample was taken in a 250-mL Erlenmeyer flask. This solution was titrated with 0.5N HCl, using bromophenol blue as the indicator to a yellow end point. The amount of HCl (A) added was recorded. Second, 5 mL of NaSH sample was taken in a clean 100-mL volumetric flask. Twenty-five mL of 0.2% w/w barium chloride solution was added to it and then diluted to 100 mL using distilled water. After the precipitate settled (preferably by use of a centrifuge to separate precipitate from the sample aliquot), 10 mL of the clear supernatant (above the precipitate) was taken in a 250-mL Erlenmeyer flask. The sample is titrated with 0.5N HCl using thymolphthalein as the indicator noting the color change from a blue to clear or light yellow end point. The amount of HCl (B) was then noted. If the addition of thymolphthalein does not produce a blue color and the color of the solution remains the same, then B ¼ 0 and no Na 2 S is assumed to be present. Further titration is continued in the same solution using a bromophenol blue indicator without rezeroing the burette with 0.5N HCl up to a yellow end point. The amount of HCl (C) 
Results and Discussion
Effect of H 2 S Flow Rate
The change in the chemical composition and variation of temperature and quality (R A , R C , total productivity) at different H 2 S flow rates (0.95, 1.19, 1.59, and 2.37 L=min) for a reaction time 25, 20, 15, and 10 min, respectively, when a fixed amount of H 2 S gas (22.4 L) was passed through 26.67% w/w of NaOH solution (150 g) are shown in Figs. 2 and 3, respectively. As shown in Fig. 2 , with an increase in the H 2 S flow rate, the NaSH concentration was found to decrease from 26.67 to 25.4% w/w. The concentration of Na 2 S at flow rates of 0.95 and 1.19 L=min remained almost constant (varying between 3.56 and 3.86% w/w) whereas at flow rates of 1.59 and 2.37 L=min, it remained constant at 4.4% w/w with an overall increase of 0.8% w/w. The t-test results show that the concentration of NaSH and Na 2 S are significantly distinct with respect to gas flow. The appearance of a miniscule concentration (0.07-0.11% w/w) of Na 2 CO 3 in the product (not clearly visible in Fig. 2 ) might be due to the reaction between the atmospheric CO 2 and NaOH during the preparation of NaOH solution (Gondolfe and Kurukchi 1997; Bagreev and Bandosw 2002) and due to the reaction between Na 2 S in the product and atmospheric CO 2 during titration (Lindberg et al. 2007 ). With an increase in the H 2 S flow rate from 0.95 to 2.37 L=min, there is an increase in product temperature from 64.5 to 75°C (Fig. 3 ). With the increase in H 2 S flow rate, vigorous mixing of the two phases, H 2 S (g) and NaOH (aqueous) might have enhanced the reaction rate between H 2 S and NaOH. If the heat generation rate is much faster than the heat removal rate, heat will accumulate, which explains the reason for the increase in temperature during the reaction (Takafumi and Takashi 2008) . The decrease in absorption ratio (R A ) from 91.94 to 90.02% with an increase in the H 2 S flow rate was perhaps due to the lower solubility of H 2 S at higher temperature. Similarly, the conversion ratio (R C ) also decreased as the time required for reaction (decreased from 25 to 10 min) might not have been sufficient for the conversion of Na 2 S to NaSH. Within the range of flow rates investigated in this study, a flow rate of 1.19 L=min was observed to be the best flow rate. With a higher H 2 S flow rate, the environmental load increased due to the increased H 2 S emissions from the system (and decreased R A ). On the other hand, when the H 2 S flow rate was too low, the yield of NaSH per unit time decreased.
Effect of NaOH Concentration
The concentration of Na 2 S in the product was lower under the excess H 2 S condition as compared with the excess NaOH condition (Fig. 4) . The H 2 S flow rate and reaction time were fixed at 1.19 L=m and 20 min, respectively. When the equivalent ratio of NaOH=H 2 S was 0.79 (excess H 2 S, NaOH concentration = 21% w/w), the ratio of Na 2 S=NaSH (w/w) in the final product was approximately 0.03, which indicated that most of the Na 2 S was converted to NaSH. However, at the equivalent ratio of 1.21 (excess NaOH, NaOH concentration = 32% w/w), the concentration ratio of Na 2 S=NaSH in the final product was approximately 0.68 and a significant concentration of Na 2 S (12.11% w/w) could not be converted to NaSH due to deficiency of H 2 S. In the excess H 2 S condition, the concentration of impurities (excluding NaSH) was 2.94% w/w in all the synthesized compounds (following the reaction between H 2 S and NaOH solution). On the other hand, in the excess NaOH condition, the concentration of undesirable impurities such as Na 2 S and Na 2 CO 3 were more than 40% of the final products. These experimental results revealed that excess H 2 S condition is desirable to increase the purity of NaSH. Fig. 5 shows the absorption ratio (R A ) of H 2 S and the temperature of the final product at three different NaOH concentrations, viz. 21% w/w (NaOH=H 2 S ¼ 0.79), 26.67% w/w (NaOH= H 2 S ¼ 1), and 32% w/w (NaOH=H 2 S ¼ 1.21), respectively. It was observed that with the increase in NaOH concentration from 21 to 32% w/w, the product temperature increased from 57.6 to 72.5°C. The observed phenomenon can be explained as follows: at higher NaOH concentration, the more predominant reaction Fig. 2 . Chemical composition of products as a function of reaction time (at varying H 2 S flow rate) Fig. 3 . Variation of absorption ratio, conversion ratio, total productivity, and temperature as a function of H 2 S gas flow rate (reaction times of 25, 20, 15, and 10 min were maintained at H 2 S gas flow rates 0.95, 1.19, 1.59, and 2.37 L=min, respectively) Fig. 4 . Chemical composition of products (NaSH, Na 2 S, Na 2 CO 3 ) under excess H 2 S (21% w/w) or excess NaOH (32% w/w) conditions (the H 2 S gas flow rate and reaction time were fixed at 1.19 L=min and 20 min, respectively) Fig. 5 . Variation of absorption ratio and temperature at different NaOH concentration (the H 2 S gas flow rate and reaction time were fixed at 1.19 L=min and 20 min, respectively) was the reaction between NaOH and H 2 S rather than the reaction between Na 2 S and H 2 S. The heat of reaction for each step [Eqs. (12) and (13)] was calculated by Hess's law based on the heat of formation (△H f at 25°C) of reactants (P & I Design 1999; Mark et al. 1969; Wagman 1952) , which showed that the heat of the reaction (△H R ) between NaOH and H 2 S was higher than that between Na 2 S and
It was also observed that with an increase in NaOH concentration from 21 to 26.67% w/w, when the H 2 S gas flow rate and reaction time were fixed at 1.19 L=m and 20 min, respectively, the absorption ratio (R A ) of H 2 S increased from 79.8 to 91.8%. However, with a further increase in NaOH concentration to 32% w/w, the R A was 90.72%. Bontozoglou and Karabelas (1993) reported that absorption of H 2 S is independent of the NaOH concentration at a NaOH=H 2 S molar ratio of <3. A similar result was obtained in this study at a NaOH=H 2 S molar ratio of <1.3. When the NaOH concentration was 21% w/w, the R A was small when compared with other cases because H 2 S was discharged without absorption due to the lack of NaOH.
Composition, Temperature, and pH of the Products Formed
Na 2 S is a strong alkali, which has a complementary structure to that of fluorite (CaF 2 ). Na þ occupies the sites of fluoride in the CaF 2 framework, and the larger S 2− ions occupy the sites of Ca 2þ (Pandit et al. 2009 ), which consequently crystallize as Na 2 S:9H 2 O at 48°C (Shreve and Austin 1984; Jakubke and Jeschkeit 1993) . According   Fig. 6 . Synthesis of NaSH after reaction between H 2 S and NaOH, as shown by (a) SEM image; (b) EDX analysis; (c) XRD pattern to Kopylov (2007) , Na 2 S is the primary crystallizing phase and the eutectic point (two components are completely mixed in liquid state) in the NaOH-Na 2 S system has the following values: 280°C , 9.0% Na 2 S, and 91.0% NaOH. Chiotti and Markuszewski (1985) reported a similar result, which shows the eutectic point and mole fraction of Na 2 S to be 296 AE 1°C and 0.05, respectively, within the same system. In this study, the concentration of Na 2 S in all the products with a reaction time less than 17.5 min (H 2 S=NaOH < 1) was >9% w/w, and all the products were crystallized with a dendritic structure following the completion of the reaction (when exposed to air). A sample of the synthesized crystal was analyzed by SEM, EDX, and XRD (Fig. 6) . The SEM and EDX images show that most of the products consisted of sodium (43.10% w/w) and sulfur (26.38% w/w), whereas the analysis of XRD pattern was used to find the chemical formula.
The XRD standard for the three compounds viz., Na 2 S · 5H 2 O (Mereiter et al. 1984; Jeong et al. 2009 ), NaSH (Jacobs et al. 1991) , and Na 2 CO 3 (Palsche et al. 1951; Swanson et al. 1959) were analyzed and compared with the XRD pattern of the product generated from this experiment. Fig. 6 demonstrates that the produced crystal mainly takes the form of Na 2 S · 5H 2 O, which indicates that NaSH and Na 2 CO 3 coexist in the crystal. Because there is a difference between temperature at the eutectic point and temperature of the product generated in this experiment, further study is warranted to determine the relationship between crystallization and temperature.
Most of the Na 2 S synthesized by the reaction between NaOH and H 2 S was produced at a pH > 12, and NaSH was synthesized at a pH of approximately 11.5 (Fig. 7) . The equation for dissociation of H 2 S can be expressed as follows (Cooney and Olsen 1987 ):
In a highly alkaline region, H 2 S is dissociated into H þ and S 2− , following which Na 2 S is produced by the reaction between S 2− and Na þ in the scrubbing mixture. The synthesis of water by the reaction between H þ and OH − in the scrubbing mixture results in a decline in the pH of absorbent. At pH 11.5, HS − is produced by the reaction between H þ (dissociated from H 2 S) and S 2− (obtained from Na 2 S), following which NaSH is produced by the reaction between HS − and Na þ (obtained from Na 2 S). Under this reaction regime, pH remains almost constant because H þ dissociated from H 2 S is used to make the SH − ion. Finally, pH of the scrubbing solution is rapidly lowered due to the H þ ions dissociated from the continuously charged H 2 S. At a pH of approximately 8.5, H 2 S does not dissociate any further and appears to attain equilibrium.
The NaSH synthesis reaction is an exothermic reaction. The reaction time versus temperature profile (Fig. 8) indicates a continual decrease in the slope of this curve with time elapse. This phenomenon can be explained by the varying heat of reaction values of the reactions (1) between NaOH and H 2 S; and (2) between Na 2 S and H 2 S [Eqs. (12) and (13)]. Besides, it can be observed that the reaction was completed within 23 min. It is understood from the temperature and pH profiles that prior information on the completion of the reaction can be obtained by the intermittent analysis of the pH and temperature, instead of opting for a cumbersome titration procedure.
It can be concluded from the experimental results that the NaSH synthesis reaction can be divided into two steps: (1) reaction pertaining to Na 2 S synthesis following the reaction between NaOH and H 2 S; and (2) reaction pertaining to NaSH synthesis following the reaction between Na 2 S and H 2 S. The concentration of NaSH and Na 2 S in the product remained constant as equilibrium was achieved over a reaction time of approximately 23 min. Thus, the NaOH=H 2 S equivalent ratio should be maintained at a maximum of 0.88 to keep the Na 2 S=NaSH ratio at a minimum (below 1% Na 2 S in the final product).
Conclusions and Implication of This Study
In this study, the feasibility of NaSH synthesis was demonstrated through laboratory-scale experiments by the absorption of a simulated flue gas containing H 2 S in NaOH. With an increase in the H 2 S flow rate, the H 2 S absorption rate (amount of H 2 S absorbed by NaOH per minute) increased and the R A , R C , and total productivity increased correspondingly. The concentration of NaSH was highly dependent on the concentration of NaOH. When compared with excess NaOH, excess H 2 S resulted in a lower Na 2 S=NaSH ratio in the final product. Most of the Na 2 S was produced above a pH of 12.0, and the NaSH was formed at a pH of 11.5. To keep the Na 2 S=NaSH ratio at a minimum (<1% Na 2 S in the final product), the NaOH=H 2 S equivalent ratio should be maintained at a maximum of 0.88. Temperature and pH can be used as the indicators for the determination of the end point of the reaction between H 2 S and NaOH during industrial operations.
Based on the result obtained from this laboratory-scale experiment, a real process has been established at a petrochemical plant flue gas line containing H 2 S. The process is producing NaSH at a rate of 30 t=day, which is used in zinc, lead, and copper smelter wastewater treatment plants in the Ulsan industrial complex in Korea. This, is turn, has resulted in an industrial symbiosis network (Behera et al. 2012; Chertow 2000; Chertow 2007) , which has been established by substituting the import of NaSH from China.
